The solubility of alloxazine in aqueous solution at pH 4 (10 -4 molar HCl) and pH 10 (10 -4 molar NaOH) at room temperature is determined by absorption spectroscopic characterization. Knowledge of the solubility is needed for sample preparation and quantitative spectroscopic solution characterization. Samples of different in-weight concentration were prepared and absorption spectra were measured versus storage time. The solubility limit concentration Csol was determined by the crossing point of the linearized absorption coefficient dependences on in-weight preparation concentration below and above the solubility limit. Values of Csol = 9.05 ± 1 μM and 14.5 ± 1 μM were determined for alloxazine in aqueous solution at pH 4 and pH 10, respectively.
Introduction
The knowledge of the solubility limit of a solute (molecule) in a solvent (host) is of fundamental importance for the preparation, characterization and application of solutions. The solute may be in gaseous, liquid or solid form and the host may be in gaseous, liquid or solid form at the mixture preparation and operation temperature [1] . The solubility may be defined as the capacity of two or more substances to form spontaneously with one another a homogeneous molecular or colloidal dispersion without chemical reaction [1] . Methods of the experimental determination of the solubility of solids in liquids are reviewed in [1] - [3] .
The molecule alloxazine (benzo[g]pteridin-2,4(1H,3H)-dion) (CAS number: 490-59-5, PubChem Substance ID 2277695) and its tautomeric form isoalloxazine (structural formulae are shown in Figure 1 ) are the core of the broad family of flavins of which prominent members are lumichrome, lumiflavin, riboflavin, flavin mononuc-A. Penzkofer 
14
Alloxazine Isoalloxazine Figure 1 . Structural formulae of alloxazine and its tautomer isoalloxazine (see for example [11] leotide (FMN), and flavin adenine dinucleotide (FAD) [4] - [6] . In aqueous solution, the alloxazine form is expected to be presented at neutral and acidic pH, and the isoalloxazine form is expected to be partly present at alkaline pH similar to the situation of lumichrome (7,8-dimethyl-alloxazine [7] - [9] . Alloxazine is poorly soluble in aqueous solution [10] and therefore has spectroscopically not been well characterized in water. The solubility (solubility limit concentration) of alloxazine in aqueous solutions has not yet been investigated in detail. Only in [10] a solubility concentration of C sol = 15.5 μM is reported for alloxazine in double-distilled water.
Here, the solubility of the solid organic dye alloxazine in the solvents 10 -4 molar HCl in water and 10 -4 molar NaOH in water at room temperature is determined by absorption spectra measurements. Samples of different inweight dye concentration were prepared, and the development of their absorption spectra with storage time was followed until steady-state equilibration was observed. Below the solubility limit, all the in-weighted dye eventually dissolves and the probe light absorption increases roughly linear with the amount of applied dye. Above the solubility limit, a part of the in-weighted dye does not dissolve and does not contribute to the probe light absorption.
Experimental
The molecular structures of alloxazine and its tautomer isoalloxazine [11] are displayed in Figure 1 . The dye was purchased from Aldrich (purity 96%) and used as delivered. The pH 4 aqueous solvent was prepared by diluting 1 M HCl from Fluka to 1 × 10 -4 M HCl with Millipore water. The pH 10 aqueous solvent was prepared by diluting 1 M NaOH from Merck to 1 × 10 -4 M NaOH with Millipore water. Solutions were prepared by inweighing an appropriate amount of alloxazine powder to the solvent and then subsequently taking aliquots and diluting them. Before taking aliquots the samples were shacked to get homogenous distributions. After each dilution step the samples were sonicated for 10 min. Then fused silica cells (size 10 × 10 × 45 mm 3 ) were filled with 4 cm 3 of the prepared solutions and centrifuged for 15 min at 2000 rpm in an Eppendorf Centrifuge 5702 R at 4˚C. For the strongest diluted aliquots fused silica cell of 5 cm path length were filled up. These 5 cm cells were not centrifuged (could not be placed in the centrifuge). The prepared sample cells were kept at room temperature and their absorption spectra were daily measured over a time range of more than one week until no longer spectral changes were observed (complete dissolution for prepared in-weight concentration less than the solubility limit concentration, or equilibration between dissolved phase and un-dissolved solid phase for prepared in-weight concentration larger than the solubility limit concentration).
Transmission spectra measurements were carried out with a commercial spectrophotometer (Cary 50 from Varian). Attenuation coefficient spectra α(λ) were obtained from the transmission spectra T(λ) by the relation 
Alloxazine in Aqueous Solution at pH 4 (10 -4 M HCl)
The temporal development of absorption coefficient spectra of alloxazine in 10 -4 M HCl was studied for a series of in-weight concentrations C spanning the range from below the solubility limit to above the solubility limit. The samples were kept at room temperature in the dark.
In Figure 2 , the situation is depicted for the in-weight concentration of C = 6.89 × 10 -6 mol•dm -3 which is below the solubility limit (see below Figure 5 ). The absorption coefficient spectra are displayed for the storage times of t = 0 (measurement immediately after preparation), 26.5 h, 50.5 h, and 146.5 h. The absorption increased with storage time. At t = 146.5 h the steady-state absorption situation was reached (no further rise of absorption with time, the dye was completely dissolved). The shape of the absorption coefficient spectra did not change with storage time.
In Figure 3 , steady-state absorption coefficient spectra are shown (storage time 146.5 h) for various in-weight concentrations in the range from C = 4.41 × 10 -7 mol•dm -3 (well below solubility limit) to C = 4.307 × 10 -4 mol•dm -3 (well above the solubility limit). At low in-weight concentrations the absorption increased roughly linear proportional with the concentration, and at high in-weight concentration the absorption became nearly concentration independent. The shapes of the absorption spectra are roughly concentration independent.
At the fixed wavelength of λ = 380 nm the storage time dependence of the absorption coefficient for the investigated in-weight concentrations is plotted in Figure 4 . The data points are fitted by
 , where α a (0) is the absorption coefficient at the end of sample preparation (part of dye dissolved during preparation process), ∆α a = α a (∞) -α a (0) is the absorption coefficient change during sample storage (part of dye powder slowly dissolves, or immediately excess dissolved dye re-aggregates and re-crystallizes), and τ dis is the time constant of dissociation equilibration. α a (∞) is the steady-state absorption coefficient. ∆α a changes from positive values at low concentration (continued dissolution) to negative values at high concentration (initial oversaturation). The inset in Figure 4 shows the relative absorption coefficient change ∆α a /α a (0) versus in-weight concentration C. The dissolution time constant varied with in-weight concentration in the range from 10 h to 40 h.
In Figure 5 , the steady-state absorption coefficient α a (∞) at λ = 380 nm is plotted versus the in-weight concentration C. At low concentration the absorption coefficient rises steeply with concentration, and then changes over to a weak concentration dependence with increasing concentration. The low-concentration absorption rise and the high-concentration absorption dependence are linearized (dashed and dash-dotted lines). The in-weight concentration at the crossing point of the two linearized curves is defined as solubility limit concentration C sol . The inset in Figure 5 shows an expansion of the low-concentration range with the linearized curves and the marked solubility limit concentration. A value of C sol = (9.05 ± 1) × 10 -6 mol•dm -3 is extracted. Figure 5 . Extrapolated absorption coefficients α a (t → ∞, λ = 380 nm) of alloxazine in pH 4 aqueous solution at room temperature displayed versus in-weight concentration. The solubility limit concentration C sol is determined by the crossing point of the linearized absorption coefficient dependences on concentration below and above the solubility limit. The inset presents an expansion of the figure at low concentration.
Alloxazine in Aqueous Solution at pH 10 (10 -4 M NaOH)
The temporal development of absorption coefficient spectra of alloxazine in 10 -4 M NaOH was studied for a series of in-weight concentrations C spanning the range from below the solubility limit to above the solubility limit. The samples were kept at room temperature in the dark.
In Figure 6 absorption coefficient spectra for several storage times are depicted for the in-weight concentrations of C = 7.824 × 10 -5 mol•dm -3 (top part, C > C sol , see below) and C = 1.252 × 10 -5 mol•dm -3 (bottom part, C < C sol , see below). In the wavelength range λ > 420 nm an additional absorption band is seen which is attributed to isoalloxazine, the tautomeric form of alloxazine. Also the additional absorption band around 280 nm is attributed to isoalloxazine. Otherwise, below 420 nm the absorption is dominated by alloxazine. The isoalloxazine absorption changed stronger with storage time than the alloxazine absorption. For C = 7.824 × 10 -5 mol•dm -3 (C > C sol ) the alloxazine absorption decreased with storage time (initial excess dissolution). For C = 1.252 × 10 -5 mol•dm -3 (C < C sol ) the alloxazine absorption increased only slightly with storage time. In Figure 7 , steady-state absorption coefficient spectra are shown (storage time 169 h) for various in-weight concentrations in the range from C = 8.01 × 10 -7 mol·dm -3 (well below solubility limit) to C = 4.89 × 10 -4 mol•dm -3 (well above the solubility limit). For λ > 420 nm the absorption is determined by isoalloxazine. Around 280 nm isoalloxazine contributions are seen. At low in-weight concentrations the alloxazine absorption increased roughly linear proportional with the concentration, and at high in-weight concentration the alloxazine absorption became nearly concentration independent. The steady-state isoalloxazine absorption changed less with in-weight concentration than the steady-state alloxazine absorption. The ratio of dissolved isoalloxazine concentration to alloxazine concentration increased with sample dilution.
In Figure 8 , the absorption coefficient dependence at λ = 380 nm (dominant alloxazine absorption) on storage time is depicted for the investigated in-weight concentrations. Again the data points are fitted by
The inset in Figure 8 shows the relative absorption coefficient change ∆α a /α a (0) versus in-weight concentration C. The dissolution time constant τ dis varied with in-weight concentration in the range from 16.4 h to 100 h. In Figure 9 , the steady-state absorption coefficient α a (∞) at λ = 380 nm is plotted versus the in-weight concentration C. At low concentration the absorption coefficient rises steeply with concentration, and then changes M NaOH). The sample was stored at room temperature (21˚C ± 0.5˚C). t is the storage time after sample preparation. Figure 7 . Concentration dependent absorption coefficient spectra of alloxazine in aqueous solution at pH 10 at room temperature (21˚C ± 0.5˚C) after temporal equilibration. The storage time of the samples after preparation was t = 169 h.
over to a weak concentration dependence with increasing concentration. The low-concentration absorption rise and the high-concentration absorption dependence are linearized (dashed and dash-dotted lines). The inset in Figure 9 shows an expansion of the low-concentration range with the linearized curves and the marked solubility limit concentration. A value of C sol = (1.45 ± 0.1) × 10 -5 mol•dm -3 is extracted.
Discussion
The solubility of the organic molecule alloxazine in aqueous solution at pH 4 (only fundamental form with pro- Figure 9 . Extrapolated absorption coefficients α a (t → ∞, λ = 380 nm) of alloxazine in pH 10 aqueous solution versus in-weight concentration C. The solubility concentration is determined by the crossing point of the linearized absorption coefficient dependences on concentration below and above the solubility limit. The inset presents an expansion of the figure at low concentration. ton at N1 position) and pH 10 (fundamental form and small fraction of tautomeric form isoalloxazine with proton at N10 position) was studied with an absorption spectroscopic method. Samples with rising in-weight concentration were prepared from well below to high above the solubility limit concentration.
For in-weight concentrations below the solubility limit the dissolution was not complete at the end of the preparation process (pouring solute in solvent, shaking, and sonication). The dissolution was only complete after tens of hours of keeping the solution undisturbed in the dark at room temperature.
For in-weight concentrations well above the solubility limit some oversaturation (excess dissolution) was observed at the end of the preparation process. The equilibrium solubility limit was approached on tens of hours time scale under undisturbed conditions in the dark at room temperature by re-aggregation, re-crystallization and sedimentation.
The in-weight concentration dependent initial dissolution depends on the sample preparation conditions (duration and intensity of shaking, stirring, sonication, preparation temperature) and on the solid solute composition (crystallinity, amorphous condition, porosity, particle size). But the steady-state solubility limit concentration at fixed temperature and fixed ambient conditions is thought to be constant independent of the preparation conditions.
The solubility limit concentration of alloxazine in aqueous solution at pH 4 and pH 10 were determined to be C sol (pH 4) = 9.05 ± 1 μM and C sol (pH 10) = 14.5 ± 1 μM. These concentrations are small, but still large enough for applications of alloxazine in aqueous solutions and their absorption and emission spectroscopic characterization.
Conclusions
There exist many techniques in the literature [1] - [3] to determine the solubility of solid compounds in liquid hosts (residue weight, gravimetry, chemical analysis, conductometry, polarography, turbidimetry, refractometry and others).
The here described absorption spectroscopic method of steady-state absorption coefficient determination as a function of solid solute compound in-weight is widely applicable to solutes absorbing in a transparent spectral region of the liquid solvent. It may be applied over a wide temperature range between the melting and boiling point of the solvent. It is highly sensitive allowing the determination of the solubility limit of sparingly soluble solids in liquids. It may become the standard method for the solubility limit determination of organic and inorganic dyes (molecules absorbing somewhere between the near infrared and the near ultraviolet) in organic and inorganic liquid solvents.
